The aim of this study was to determine the performance of the total testing process of complete blood count (CBC) on two different instruments in an emergency setting of a county hospital, and to design an appropriate internal quality control plan. Materials and method: Two models of Statistical Quality Control (SQC) were evaluated on Sysmex XT-1800i and Cell-Dyne Ruby: 3 levels of commercial blood every 8 hours (N=9) and an alternative model using 3 levels every 12 hours (N=6) as shift changes. Total Error (TE) was calculated using the formula: TE=Bias%+1.65xCV%; Sigma score was calculated using the formula: Sigma=[(TEa%-Bias%]/ CV%. Values for coefficient of variation (CV%) and standard deviation (SD) were obtained from laboratory data and Bias% from proficiency testing. For the pre-analytical phase Sigma score was calculated, while for post-analytical phase the turnaround time (TAT) was assessed. Results: TE for all directly measured parameters, for both instruments, had lower values than Total Error allowable (TEa). CV% for almost all parameters had lower values than CV% derived from biological variation except for platelets (PLT) at low level on Sysmex XT-1800i and red blood cells (RBC) on Cell-Dyne Ruby. Sigma score ranged from as low as 2 to 10. Sigma score for pre-analytical phase was 4.2 and turnaround time was 36 minutes on average. Conclusions: Given the performances of the total testing process implemented for CBC in our laboratory, performing the internal control after every 50 samples/ batch seems to fulfill both the Health Ministry Order (HMO) 1301 /2007 and International Organization for Standardization ISO 15189:2013 recommendation. All quality instruments must work together to assure better patient results and every laboratory should design its own control plan that is appropriate for better quality achievement.
Introduction
Although Statistical Quality Control (SQC) design has been used for decades as quality control (QC) tool, some questions remain unanswered. The number of levels of control that must be used in a laboratory for automated complete blood count (CBC) hematology testing is traditionally set to three with low, normal, and high levels, and for most of the parameters this satisfies the requirements of ISO 15189:2013 Standard (1) . Although using three levels of control complies with the requirements, these may not be sufficient. According to the published decision limits for some parameters in hematology, there are 4 decision limits (2) that cannot be covered by the three levels of traditionally used controls. Concerning the frequency of these controls, there are no regulations that can be widely applied. According to Clinical Laboratory Improvement Amendments (CLIA) recommendations, a minimum requirement for the frequency of controls is 24 hours without reference to the case of laboratories that run 24 hours shifts, except for manual methods (3) . According to the Romanian Health Ministry Order (HMO) number 1301/2007, laboratories that work 24-hour shifts must run a control every 8 hours, but without any reference regarding the level of these controls. According to ISO 15 189:2013 , SQC practices must be designed in a manner that allow error detection in the same run in which that error appears (1) . The aim of this study was to determine the performance of the total testing process of CBC using two different models in an emergency setting of a county hospital and to design an appropriate internal QC plan.
Materials and methods
Statistical quality control (SQC) design implemented in our laboratory follows recommendations of HMO 1301/2007 concerning the frequency of quality control (every 8 hours) and recommendations of Standard ISO 15189:2013, in terms of three levels control. In order to comply with both regulations, every 24 hours, 9 control points are determined (3x3 model, 3 times/day X 3 control levels N=9) using stabilized commercially control blood. Commercial stabilized blood is produced for each of the two instruments, Sysmex XT 1800i (Sysmex Corporation, Japan) and Cell-Dyne Ruby (Abbott, Illinois, USA) . To establish the performance of used methods, total error of the method (TE) and Sigma value for directly measured parameters were assessed. For estimation of TE value, the formula based on Bias and coefficient of variation (CV%) was used: TE=Bias% + 1.65 x CV% (4) . For an accurate estimation of Bias, data from proficiency testing programs were used (5) . For each instrument, three samples representing survey materials (with normal, low, and high values) were run 13 times and the average of these values (for each level) was used as laboratory reported value to proficiency testing provider. Percentage Bias% was calculated using laboratory reported values and mean value for peer group of the instrument provided from the PT (proficiency testing) scheme. Additionally, for Cell-Dyne Ruby, Bias% was calculated using data from interlaboratory control provided by the manufacturer (through StatsLink platform). The CV% was calculated from three levels of routine internal QC materials mean values and standard deviation (SD) in laboratory conditions. For Cell-Dyne Ruby instrument values for CV% from interlaboratory control reports analyzed by StatsLink were also used. For comparison purposes, in the same period, a different model of SQC design was proposed: three levels of commercial control blood (different vials than those used in routine conditions) were tested two times a day at 12 hours interval (2x 3model, N=6) for each shift change by the same operators, as routine controls.
1. All QC materials were tested in "Open Mode" with proper warming and mixing of the vials, according to the manufacturer's instructions. For these controls, Levey-Jennings charts were created using Excel software. For TE and Bias% estimations, the same formulas as stated above, in the previous model of SQC were used, while mean value, SD, and CV% were calculated using Excel Software. The Sigma value was estimated using the formula provided by Westgard (4) , where the allowable total error (TEa%) value was referred from Clinical Laboratory Improvement Amendments (CLIA) regulations: Sigma = (TEa% -Bias%)/CV% 2. To supplement data from SQC design using commercial blood and to have a better estimation of the instrument performance, the Moving Average (MoA) function was also used. Cell-Dyne Ruby instrument software offers the possibility to assess the Moving Average function, while for Sysmex XT-1800i analyzer, mean values for red blood cells indices as mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were calculated using Bull's algorithm (6) . In order to verify mean values and tolerance limits in the software of Cell-Dyne Ruby instrument for the population addressing our laboratory, 9,000 patient values, received from July to September 2018, were evaluated. Results for red cell indices from these patients were organized in batches of 20 samples to establish the mean values and tolerance limits for the population adressing our laboratory.
3. For assessment of the total testing process, both pre-analytical and post-analytical phases were tracked. Continuous evaluation of sample quality was undertaken, all samples were checked for proper identity (ID), type of tube, a correct proportion between blood and eth-ylene-diamine-tetraacetic acid (EDTA), insufficient sample volume for aspiration, or the presence of clots. Samples with defects were recorded in the Laboratory Informational System (LIS) and Excel workbook. Using the formula for defects per million of opportunities (DPMO), available online as a free calculator on www. westgard.com, the Sigma score was calculated. In 2018, a number of 82,788 tubes for complete blood count were assessed, of which 325 had one or more of the 5 predefined defects. To evaluate proper detection of such samples by the operators, samples with known defects were sent to the laboratory in terms of normal working conditions. These samples (2/day for five working days) were known only by the investigators of this study. Also, the time from which request was created in LIS to the moment the sample was received in the laboratory was evaluated. The turn around time (TAT) was assessed additionally, as a quality indicator. The start of the process was set at the time the CBC tube was received in the laboratory, while the end time was set at the time the results were released in LIS. Tolerance interval was defined as 1 hour.
Statistical analysis
All calculations and formulas used were executed on Excel spreadsheets, the software of the instrument, and with free online calculators available at www.westgard.com. For CV% and Bias% calculations formulas stated in CLSI EP-15 A3 were used.
Results
For routine SQC design (3x3 model), the TE% calculated had smaller values than values of TEa% for all parameters analyzed for both instruments. When using CV% from internal quality control and Bias% from interlaboratory control data report, TE% values for Cell-Dyne Ruby analyzer were also lower than values accepted for TEa%. When comparing CV% values for each directly measured parameter with CV% values from Ricos database for Biological Variation, almost all parameters had lower CV% values than values stated for Optimal Biological Variation. Parameters with a higher value than accepted for CV% values were platelet (PLT) for Sysmex XT-1800i instrument, with CV of 10.19% (desirable value 9.1%) when using 3x3 SQC design, and 10.59% when using 2x3 SQC design (for Low-Level QC). For the Cell-Dyne Ruby instrument, red blood cells (RBC) CV% values for Low Level QC were higher than the desirable value (1.6%), irrespective of the SQC design used (Table 2c) . Additionally, RBC CV% values were higher than the accepted value for High-Level control material when using 2x3 SQC design. Sigma values for Sysmex XT-1800i instrument were different for each level or SQC design used: for Normal-Level QC, Sigma values were between 5-8 when using 3x3 SQC design, and between 5-10 when using 2x3 SQC design. For High-Level QC, Sigma values were between 3-10 when using routine SQC design and between 3-9 when using 2x3 SQC design. For Low-Level QC, Sigma value ranged between 2-7 and 2-10 for routine SQC and 2x3 SQC design, respectively (as shown in figure 1 a-b). For Cell-Dyne Ruby instrument, Sigma values also varied according to the control level as shown in Table 1 (for Sysmex XT-1800i), and Table 2 (for Cell-Dyne Ruby). For Normal-Level control, Sigma values ranged between 4-7 for routine SQC design, between 3-6 for 2x3 SQC design, and between 3-7 when using data from interlaboratory control report. For High-Level QC, Sigma was between 3-6 for routine SQC design, 3-7 for 2x3 SQC design, and 3-8 for interlaboratory control data, while for Low-Level QC, Sigma values were between 2-6 regardless of the SQC design used. For the MoA function of the Cell-Dyne Ruby instrument, values obtained for erythrocyte indices were: MCV=89.9 fl, MCH=29 pg, and MCHC=32.5 g/dl, with a tolerance limit of 3%, results that correspond to values implemented by the manufacturer in the instrument software. For Sysmex XT-1800i, values were obtained by implementing Bull's algorithm in Excel Software. Values obtained for erythrocytes indices were: MCV=84.4 fl, MCH=29.5 pg, MCHC=35.0 g/dl with a tolerance limit of 3 %. In 2018, the Sigma score obtained for CBC hematology tubes received in our laboratory was 4.2; all samples with known defects being correctly identified by the laboratory personnel. The time from sample request to the time the sample arrived to the laboratory was 36 minutes on average, but in some cases the time was as long as three and a half hours. On average, the TAT from the moment the samples arrived in the laboratory to the time the results were released to the LIS was 13 minutes.
Discussions
Throughout his mathematical model, Parvin showed that in continuous run mode, bracketed controls increase the error detection, this detection being dependent on the number of controls used and the number of patient samples reported between two control events (7) . In a published Six Sigma estimate on www. westgard.com, precision claims from manufacturers and a Bias assumed as 0, were used in order to calculate the performance of high volume hematology analyzers. Results obtained in our study revealed that for Low-level QC, both our instruments had poorer performance for PLT and RBC than stated by the manufacturer. Low The Error detections estimated for these instruments were 0.84 for Sysmex XT-1800i and 0.53 for Cell-Dyne Ruby. In other words, each of them would detect the error in maximum two runs with three control points, but this detection rate would increase as the number of controls increases. Considering the Six Sigma values obtained in our laboratory, the "worst performer" for each instrument and the recommendations for the multirules that should be applied depending on Sigma value, a combination of the following rules is advisable:13s/2 of 32s/R4s/31s/6x with N=6. Since our laboratory reports patient results in continu- ous run mode, these controls should be bracketed every 50 patients (N=1) in order to maintain a probability of false rejection (PFR) of 0.001 (8) .
In an evaluation of Bull's algorithm, Cembrowski and Westgard (9) showed that for some hematology parameters (hemoglobin, MCV), usage of the algorithm is less sensitive than using commercial blood in detecting shifts of 2DS thus, for these parameters, 9 batches are necessary to detect this shift; however, for 3DS shifts in RBC, the error detection is 100%. Since the commercial control is an unstable material, using aver-age of normals may increase error detection, at least for some parameters.
Since Cell-Dyne Ruby instrument has this function implemented by the manufacturer and it is recommended that no more than 10% of the population/ each batch to come from neonates, oncology, and haematology wards (9, 10) , patients from the above-mentioned wards were run with the Sysmex XT-1800i instrument thus avoiding the influence on Average of Normal (AON) and
MoA calculation. For Cell-Dyne Ruby instrument, commercial control and moving average were used together to assure an increased error detection. Moving average is a useful tool as a QC instrument, both in method stability evaluation and in assuring a continuous internal quality control, especially when the QC material has limited stability (11) .
Much of the efforts made by laboratories are directed towards SQC or different QC strategies, but an important part of the total testing process remains out of the control of the laboratory (12) (13) . It has been stated that around 70 % of all errors occur during the preanalytical phase of the process, of which 73% of errors were classified as avoidable (14) . The quality of the samples influences the results; while some of the defects are easy to identify (correct proportion between blood and anticoagulants, right type of tube, or the presence of large clots), other defects are not so easy to detect. The presence of micro-clots in samples is often detected only after a flag message is displayed by the instrument. Of 10,000 samples evaluated, in 168 (1.68%) cases a "sampling error" flagging message appeared, meaning that not all samples with defects were correctly identified, this percentage corresponding to a Sigma score of 3.4. Sigma scores for defects that are correctly identified and for those defects that remain undetected by laboratory staff were similar. In a study concerning hemolysis evaluation with a visual scale and an automated hemolysis test, visual inspection overestimated the hemolysis rate in coagulation sample tubes (15) . Both clinicians and laboratory staff should ensure the right samples are used for the correct patient investigation. Another aspect of the total testing process concerns the post-analytical phase. Although results are released in LIS in 13 minutes on average, and in emergency cases sometimes in 2 minutes from the moment the samples are received in the laboratory, some samples take a much longer time to arrive in the laboratory. In some cases even if results are released in LIS, clinicians are not aware of the results immediately, this delay in reviewing the results will falsely increase the TAT (16) .
Conclusions
Given the performances of the total testing process implemented for CBC in our laboratory, performing one level of internal control after every 50 samples/batch seems to fulfill both the HMO 1301/2007, regarding the frequency, and of the 1SO 15189:2013 recommendation concerning the number of control levels analyzed during 24 hrs. In this way, in 24 hrs all three levels of control would be assayed at least once. Each laboratory should establish its own internal quality control scheme, following its performance and operating mode.
Considering that all phases of the total testing process are subject to errors, clinicians and laboratories should be more diligent in detecting these errors. Although most of laboratory errors occur during the preanalytical phase, laboratories must be aware that the preanalytical aspects fall under their responsibility. In this regard, laboratory staff must continue, and make even greater efforts to achieve a higher quality in the preanalytical phase. In some cases, laboratories must use multiple instruments of quality assessment, solely one being insufficient for achieving the desired goal. All quality instruments must work together to assure better patient results and each laboratory should design its own control plan that is appropriate for better quality achievement. 
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